• Active calcium signal propagation occurs when an initial calcium trigger elicits calcium release through endoplasmic reticulum (ER) receptors. A high concentration of the calcium trigger in thin-calibre dendrites would suppress release of calcium through hippocampal inositol trisphosphate receptors (InsP 3 Rs).
Introduction
In the reaction-diffusion system that governs Ca 2+ signal propagation, passive propagation attenuates the Ca 2+ signal heavily, leading to Ca 2+ signalling domains that are central to the specificity of several forms of neuronal plasticity. However, under certain physiological conditions that require lossless propagation of Ca 2+ signals, regenerative release of Ca 2+ from the endoplasmic reticulum (ER) is recruited to initiate a Ca 2+ wave that traverses significantly larger distances compared to passive propagation of Ca 2+ signals. This positive feedback signal from the ER stores, which is triggered by an initial Ca 2+ influx and is mediated by calcium-induced calcium release (CICR) mechanisms involving the inositol trisphosphate receptors (InsP 3 R) and the ryanodine receptors, constitutes the central premise of lossless Ca 2+ signal propagation (Berridge et al. 2000; Berridge, 2002 Berridge, , 2006 Augustine et al. 2003; Verkhratsky, 2005; Clapham, 2007; Neves & Iyengar, 2009; Ross, 2012) .
For such active Ca 2+ signal propagation to occur, it is essential that the initial Ca 2+ trigger, which is mostly relayed through plasma membrane channels, elicits CICR from receptors that reside on the ER membrane. Given the properties of receptors that reside on the ER of hippocampal pyramidal neurons (Bezprozvanny et al. 1991; Choe & Ehrlich, 2006; Hertle & Yeckel, 2007) , Ca 2+ release from the ER will occur only when cytosolic Ca 2+ concentration ([Ca 2+ ] c ) is moderate; high levels of [Ca 2+ ] c suppress release, thus rendering the ER and its release mechanisms redundant. Against this background, in thin-calibre dendrites with high surface area to volume ratio (SVR), the initial [Ca 2+ ] c is very high because of the inherently heavy dependence of any reaction-diffusion system on the SVR (Sabatini et al. 2002; Frick et al. 2003; Neves & Iyengar, 2009; Kotaleski & Blackwell, 2010) . As high levels of [Ca 2+ ] c suppress release of ER Ca 2+ , this would render ER and its release mechanisms redundant in all thin-calibre dendrites. However, evidence in the literature is contrary in this regard, and ER Ca 2+ has been demonstrated to play a very critical physiological role across dendritic locations (Berridge et al. 2000; Berridge, 2002; Verkhratsky, 2005; Rizzuto & Pozzan, 2006; Clapham, 2007; Stutzmann & Mattson, 2011; Ross, 2012) . How can we reconcile this contradiction?
In this study, we present a possible answer to this question through the observation that thin-calibre dendrites in hippocampal pyramidal cells express A-type K + channels in abundance Kerti et al. 2011) . We hypothesized that the high density of A-type K + channels in thin-calibre dendrites constitutes a strategy to suppress the initial influx of local [Ca 2+ ] c , so that the ER and its release mechanisms are not rendered redundant in these dendritic compartments. We quantitatively test this hypothesis through morphologically realistic conductance-based models, and uncover a novel role for A-type K + channels in regulating Ca 2+ release through InsP 3 Rs, thereby altering propagation of Ca 2+ waves and induction of synaptic plasticity. Our results suggest that such interactions between restorative conductances on the dendritic membrane and Ca 2+ channels on the ER membrane could critically regulate biophysical/biochemical signal integration and steer the spatiotemporal spread of signalling microdomains within neurons.
to be an emergent property of non-linear interactions among these constitutive components. To understand the mechanistic details of how each component interacts with the others in the model and thereby influences the output characteristics of the model, it was first necessary to understand the constitutive components in a simpler system before incorporating them into morphologically precise models. Concordantly, two different types of models were employed.
Three-cylinder model. To understand the parametric dependencies of various factors affecting the release of Ca 2+ from the intracellular stores, a simpler biophysically realistic model consisting of three cylindrical compartments (three-cylinder model) was used. This model (Fig. 1A) constitutes an extension to the classical ball-and-stick model and consisted of a somatic compartment of 20 μm diameter and 40 μm length, a main apical dendritic trunk of 3 μm diameter and 500 μm length and an oblique dendrite of 0.80 μm diameter and 80 μm length. The oblique dendrite branches from the main apical dendrite at a distance of 50 μm from the soma. For the sake of simplicity, in this model the passive electrical parameters across all the compartments were uniform: specific membrane resistivity, R m = 20 k cm 2 ; specific cytoplasmic resistivity, R a = 200 cm; and specific membrane capacitance, C m = 1 μF cm −2 . The apical dendrite and the oblique dendrites were compartmentalized into 100 segments each.
Morphologically realistic model. A morphologically realistic multicompartmental three-dimensional model (see Fig. 4G ) was constructed from a restructured CA1 pyramidal neuron (n123) taken from the Neuromorpho database (Pyapali et al. 1998; Ascoli et al. 2007) . Passive parameters were set as follows: C m = 1 μF cm −2 ; R m and R a for various compartments along the somato-apical trunk were functions of radial distance of the compartment from the soma, x (Narayanan & Johnston, 2007) : = 35 cm were values assigned to the terminal end of the apical trunk (which was ∼425 μm from the soma for the reconstruction under consideration). This was done to keep the local input resistance (R in ) almost constant (∼120 M ) throughout the trunk (Narayanan & Johnston, 2007) . The basal dendrites and the axonal compartments had somatic R m and R a , and apical obliques had the same R m and R a as the trunk compartment from which they originated. Unless otherwise stated this neuronal model was compartmentalized using d λ rule (Carnevale & Hines 2006) to ensure that each compartment was smaller than 0.1λ 100 , where λ 100 is the space constant, computed at 100 Hz for the section under consideration. Eliminating numerical errors in the estimation of Ca 2+ signals required smaller compartment sizes than such electrical compartmentalization. To obtain error-free estimates, we performed specific recompartmentalization through trial and error, involving progressive reductions in compartment size until a point where further reductions led to negligible changes in Ca 2+ transients.
Active properties
Five different types of voltage-gated ion channels (VGICs) were incorporated into these models: a fast Na + , a delayed rectifier K + (K DR ), an A-type K + (K A ), and L-and T-type Ca 2+ . Biophysically realistic, Hodgkin-Huxley type conductance-based models derived from hippocampal pyramidal neurons were employed for modelling all these channels. The implementation for Na + , K DR and K A was adopted from Migliore et al. (1999) , and L-and T-type Ca 2+ channels were from Poirazi et al. (2003) .
Three-cylinder model. In the three-cylinder model, Na + and K DR channels were distributed uniformly throughout the soma and the dendrites (Magee & Johnston, 1995; Hoffman et al. 1997) , with maximal conductance values set at 10 mS cm −2 (g Na ) and 15 mS cm −2 (g KDR ). The density of Ca 2+ channels was constant throughout all three cylinders with maximal conductance values of 100 μS cm −2 for T-type Ca 2+ channels (g CaT ), and 316 μS cm −2 for L-type Ca 2+ channels (g CaL ). As the main objective behind the construction of this three-cylinder model was to perform a sensitivity analysis across various constitutive parameters, we maintained uniform densities of these channels rather than implementing a physiological gradient of these different channels along the main dendritic trunk, only for the three-cylinder model.
Morphologically realistic model. In the morphologically realistic multi-compartmental model, the same five types of ion channels were inserted but with the following differences in their densities and properties. To account for the lower membrane potential threshold for spike generation at the axon initiation segment, the Na + channel density at this location was increased five-fold compared J Physiol 591.7 to the somato-dendritic values (Fleidervish et al. 2010) . The rest of the axon was considered as passive. To account for slower recovery from inactivation of dendritic Na + channels, an extra inactivation gate was added while modelling the channel kinetics for dendritic Na + channels Migliore et al. 1999) . The Na + channel density in basal dendrites was the same as the soma. Values of g KDR and g Na were fixed at 3 and 90 mS cm −2 , respectively. These parameters were adjusted so as to obtain an action potential (AP) firing frequency of around 10 Hz when the cell rested at -70 mV and a 150 pA current was injected into the soma (Narayanan & Johnston, 2007) .
In incorporating A-type K + channels, kinetics and voltage dependencies of the channels were different for the proximal (≤100 μm from the soma) and distal (>100 μm) compartments Migliore et al. 1999) . The density of A-type K + channels was linearly increased with respect to distance of the compartment from the soma Migliore et al. 1999) . The density distribution of A-type K + channels in the apical dendritic locations was:
where g KA (x) represented the maximal A-type K + conductance at radial distance x μm from the soma, and g som KA represented the maximal conductance value for A-type K + channels at the soma, with a default value of 22 mS cm −2 . This gradient was set such that the backpropagating AP amplitude at a trunk location ∼300 μm from the soma was around 10 mV Migliore et al. 1999) .
Unless noted otherwise, the g KA in the proximal oblique dendrites (corresponding to obliques branching at trunk locations having radial distance ≤100 μm from soma) was set to 21 times its value at the branch point. This, along with reduced density of Ca 2+ channels in the proximal obliques (see below), was done to approximate the experimental observation that the Ca 2+ transients at the branch point on the main apical dendritic trunk and in the daughter oblique dendrite are the same when a single spike invades these regions ; Fig. 2A-D) . The value of g KA in the distal oblique dendrites (corresponding to obliques branching at trunk locations beyond a radial distance of 100 μm from soma) was three times its value at the branch point. Note that evidence for a higher density of A-type K + channels in proximal oblique dendrites was derived from both physiological evidence as well as evidence from an immunogold labelling study of Kv4.2, a subunit that encodes A-type K + currents (Kerti et al. 2011) . In the absence of experimental data in the basal dendrites, A-type K + channel density was kept the same as that of the soma.
The density of L-type Ca 2+ channels decreased along the dendritic trunk, whereas that of the T-type channels increased as a function of distance from the soma (Johnston et al. 1996) . Specifically, the distribution of these channels were set as:
where g CaL (x) and g CaT (x) represent the maximal conductance value at a somato-dendritic location x μm away from the soma, for L-and T-type channels, respectively. Parameters g Ca 2+ current, in the proximal obliques, is slightly less than that of the corresponding branch points on the parent trunk , the L-and T-type Ca 2+ channel density in the proximal obliques was set to 0.75 times its value on the parent trunk near the branch point. In the distal obliques, the L-and T-type Ca 2+ channel density was the same as that of the parent trunk near the branch point. In the basal dendrites, L-type channel density was twice that of the soma and T-type channel density was same as that of the soma.
Calcium dynamics
The overall Ca 2+ dynamics was modelled as a function of various mechanisms that lead to changes in [Ca 2+ ] c within a neuron. The partial differential equation governing the cytosolic Ca 2+ dynamics was (Sneyd et al. 1995; Fink et al. 2000) :
where D Ca is the experimentally determined diffusion coefficient for Ca 2+ (Allbritton et al. 1992; Klingauf & Neher, 1997) , α is the density gradient of InsP 3 Rs on the ER and β is the density of SERCA pumps and leak channels on the ER along the somato-dendritic axis. J InsP3R , J VGCC , J SERCA , R buf , J pump and J leak represent the Ca 2+ flux due to InsP 3 Rs, VGCCs, SERCA pumps, buffering, plasma membrane Ca 2+ extrusion pumps and the ER leak channels, respectively (Tables 1 and 2 ). Radial diffusion of Ca 2+ was incorporated by radial compartmentalization of (Fink et al. 2000) the neuronal compartments into four concentric annuli, and diffusion along the longitudinal axis of the neuron was also implemented (Carnevale & Hines, 2006) . Detailed descriptions for each of the fluxes are presented below.
InsP 3 R-dependent release. We incorporated an experimentally determined density gradient for the InsP 3 R subunits in CA1 pyramidal neurons of young rats (Hertle & Yeckel, 2007) , where α (in eqn (6)) takes the form:
where g InsP3R represents the density of InsP 3 Rs at the soma (Table 1 ). The numerical value of g InsP3R was chosen such that the Ca 2+ wave amplitude and kinetics is in agreement with the experimentally observed Ca 2+ waves (Nakamura et al. 1999 (Nakamura et al. , 2000 , when similar protocols were used to initiate the waves (Fig. 2F) . The presence of ER leak channels and SERCA pumps on the neuronal ER membrane is well established (Verkhratsky, 2005) . However, there is no quantitative data available for the subcellular distribution and density gradient of these molecules along the hippocampal pyramidal neuronal topograph. Therefore, the distribution of ER leak channels and SERCA pump were considered to be homogeneous across the somato-dendritic axis. Ca 2+ release from the ER through InsP 3 R was defined using a simplified model for the InsP 3 R (Li & Rinzel, 1994 (Li & Rinzel, 1994; Fink et al. 2000) : (Tables 1  and 2 ); h depicts the probability of the inhibition site (on InsP 3 Rs) not being occupied, and evolved as function of time as (Li & Rinzel, 1994) :
where k on represents the on rate of Ca 2+ binding to the inhibition site and K inh denotes the corresponding dissociation constant (Li & Rinzel, 1994; Fink et al. 2000) . Note that the inhibition site was employed to model the inhibition of Ca 2+ release from InsP 3 Rs at higher concentrations of cytosolic Ca 2+ (Bezprozvanny et al. 1991; De Young & Keizer, 1992; Li & Rinzel, 1994) .
ER leak channels. The rate of Ca 2+ influx into the cytoplasm through ER leak channels was modelled as (Fink et al. 2000) :
where L was chosen such that there was no net flux of Ca 2+ between the ER and the cytosol at resting state.
Voltage-gated calcium channels (VGCCs). Ca 2+ current through VGCCs (L-and T-type) was converted to Ca 2+ concentration as (Poirazi et al. 2003) :
where I Ca depicts the net inward Ca 2+ current, diam stands for the diameter of the compartment and F is Faraday's constant.
SERCA pump. The Ca 2+ uptake by sarcoplasmic endoplasmic reticulum Ca 2+ ATPase (SERCA) pump was modelled as (Fink et al. 2000) : (Herrington et al. 1996) Threshold condition for Ca 2+ extrusion at plasma membrane Herrington et al. 1996) Ca 2+ diffusion coefficient D Ca 220 μm 2 s −1 (Allbritton et al. 1992) where V max depicts the maximal rate of pump and K P is the dissociation constant of Ca 2+ binding to the pump (Table 2) (Fink et al. 2000) : (Herrington et al. 1996) , and γ (Table 2) defines the sensitivity of pump extrusion (Fink et al. 2000) .
Calcium buffering. We incorporated buffers uniformly through the somatodendritic axis. R buf defined the rate of change in [Ca 2+ ] c due to buffers:
R s is the rate due to stationary buffers and R mob the rate due to mobile buffers: and pseudo-steady-state approximation was applied to simulate buffering (Fink et al. 2000) :
The equilibrium constants for stationary and mobile buffering were: (Klingauf & Neher, 1997; Fink et al. 2000) and K mob was varied between 0.4 and 400 μM. Note that the mobile buffer was introduced only to assess the effects of Ca 2+ indicator dyes on the Ca 2+ dynamics within a neuron ( Fig. 3F -H).
InsP 3 dynamics. The overall InsP 3 dynamics were governed by: (Table 1) .
Synaptic receptors and plasticity
For most simulations involving synaptic inputs, a synapse was placed at the mid point of a proximal oblique (Oblique2 in Fig. 4 ; at a path distance of 148.5 μm from the trunk). This oblique was recompartmentalized into 297 compartments such that each compartment was approximately 1 μm long.
Ionotropic glutamate receptors.
A canonical synapse consisting of co-localized N -methyl-D-aspartate receptor (NMDAR) and 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid receptor (AMPAR) was modelled as in . Specifically, the NMDAR currents were modelled as combination of three different types of ionic currents, namely Ca 2+ , Na + and K + :
where
where P NMDA is the maximum permeability of the NMDAR; and P Ca = 10.6, P Na = 1, P K = 1, owing to the permeability of the NMDAR to different ions, where P Ca /P Na /P K = 10.6:1:1 (Mayer & Westbrook, 1987; Canavier, 1999) . Default concentration values were (in mM):
The concentrations for sodium set its equilibrium potential at +55 mV and that for potassium at -90 mV. MgB(v) governs the magnesium dependence of the NMDAR current, given as (Jahr & Stevens, 1990) :
with the default value of [Mg] o set at 2 mM. The parameter s(t) governed the kinetics of the NMDAR current, and was set as:
where a is a normalization constant, ensuring that 0 ≤ s(t) ≤ 1, t d is the decay time constant and t r is rise time, with t r = 5 ms, and t d = 50 ms. Current through the AMPAR was modelled as the sum of currents carried by sodium and potassium ions: where
where P AMPA is the maximum permeability of the AMPAR, whose default value was set at 10 nm s −1 . P Na was taken to be equal to P K (Dingledine et al. 1999) . w denoted the weight parameter that undergoes activity-dependent plasticity (see below). s(t) was the same as that for the NMDA receptor, but with τ r = 2 ms and τ d = 10 ms . P NMDA = NAR × P AMPA , with a default value for the NMDAR/AMPAR ratio (NAR) set at 1.5. (Pin & Duvoisin, 1995; Bhalla & Iyengar, 1999; Blackwell, 2005; Mikoshiba, 2006) . The activation of group 1 mGluR, near an active synapse, and the subsequent mobilization of InsP 3 were modelled as a series of kinetic schemes that represent abstractions of the corresponding biochemical processes (Blackwell, 2005) . In our representation below, the kinetic scheme is followed by the forward and backward reaction rates within parentheses; if the reaction is unidirectional, only a single number representing the rate for that reaction is provided. First, we modelled the binding of glutamate (Glu) to mGluR to form the glutamate-bound receptor (Glu_mGluR) as:
Figure 4. Calcium waves in a morphologically realistic neuronal model
where k 1 = 0.28 ms −1 and k 2 = 0.016 ms −1 . Then, the binding of Glu_mGluR to a G protein (G) to form a Glu mGluR bound G protein-(Glu G mGluR ) complex was [Ca 2+ ] c plotted as a function of g KA , at representative trunk (C) and proximal oblique (D) locations. E and F, AUC for the Ca 2+ flux through InsP 3 receptors (J InsP 3 R ) plotted as a function of g KA , at representative trunk (E) and proximal oblique (F) locations. G and H, temporal aspects of the Ca 2+ wave quantified as the wave's full-width at half-maximum (FWHM) and latency to peak, and plotted as functions of g KA , at representative trunk (A) and proximal oblique (B) locations. Trunk: location on the apical trunk 77 μm (radial distance) from the soma; Oblique: location on Oblique 1 (Fig. 4G ) 17 μm (path distance) away from the branch point on the trunk. For A-H g KA represents the value of A-type K + channel densities at the soma while the individual compartments had local g KA according to eqn (3) along the neuronal topograph.
J Physiol 591.7 modelled as:
where k 3 = 15 ms −1 and k 4 = 7.2 ms −1 . In the next step, Glu G mGluR dissociated to form the active α subunit of the G protein (G α ) as:
where k 5 = 1.8 ms −1 . Activated G α reverted to its inactive form as:
where k 6 = 9 ms −1 . Activated G α reversibly bound to phospholipase C (PLC) to form G α -bound activated PLC (PLC α G α ):
where k 7 = 100 ms −1 and k 8 = 100 ms −1 . PLC α G α then reversibly bound to phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to form PLC α -bound PIP 2 as: (37) with k 9 = 0.83 ms −1 and k 10 = 0.68 ms −1 . PIP 2 bound PLC (PLC α _PIP 2 ) cleaved PIP 2 to form InsP 3 :
where k 11 = 0.58 ms −1 . The InsP 3 that was formed through this series of kinetic reaction degraded with a degradation constant k degr as:
where k degr (Table 1 ) was assigned to an experimentally estimated degradation rate of InsP 3 (Fink et al. 2000) .
Synaptic plasticity. A weight parameter w was used to model the strength of a given synapse and it was updated as a function of [Ca 2+ ] c according to the Ca 2+ control hypothesis (Shouval et al. 2002) . Specifically, 
where P 1 = 1 s, P 2 = 0.1 s, P 3 = P 2 × 10 −4 and P 4 = 3 (Shouval et al. 2002; .
([Ca 2+ ] c ) was defined as (Fig. 6B) :
where α 1 = 0.35, α 2 = 0.55, β 1 = 80 and β 2 = 80 . The default initial value of w, w init , was set at 0.25. In CA1 pyramidal neurons the distribution of group 1 mGluR is perisynaptic and its distance from the postsynaptic density is in the sub-micrometre range (Lujan et al. 1996) . Therefore, when mGluRs were modelled, they were inserted in the same compartment where the NMDAR and AMPAR were inserted.
Plasticity induction protocols. We employed two established protocols for induction of plasticity in the model synapse: 900 pulse stimulation at different induction frequencies (Dudek & Bear, 1992; Shouval et al. 2002; and theta burst stimulation (TBS; Larson et al. 1986 ). For 900 pulse stimulation, P AMPA was set at 1.29207135 nm s −1 so that the modification threshold was ∼10 Hz (Fig. 6F-G) , and the default mGluR density was 0.30 × 10 −3 a.u. (eqn (32)). For TBS, the synapse was stimulated with a burst of five APs at 100 Hz, and this burst was repeated either 150 or 250 times at 200 ms interval (theta frequency) each. This was done to achieve steady state values for [Ca 2+ ] c and w. P AMPA for TBS was fixed at 0.5 nm s
and default mGluR density was set at 0.1 × 10 −3 a.u., so that the synapse underwent potentiation when stimulated with this protocol.
Initiation of Ca 2+ waves
Calcium waves were initiated using the experimental protocol employed by Nakamura et al. (1999 Nakamura et al. ( , 2000 . Specifically, the baseline [InsP 3 ] c was increased (2 and 2.25 μM in the three-cylinder model and morphologically realistic multi-compartmental model, respectively) to simulate the effect of bath application of mGluR agonist. This was then paired with 10 APs, at 30 ms interval each, by injecting brief current pulses into the somatic compartment of the model (2 nA for 2 ms in the multi-compartmental model and 2 nA for 1 ms in the three-cylinder model).
Computer simulations and analysis
All simulations were performed in the NEURON simulation environment (Carnevale & Hines, 2006) . Resting membrane potential of the model neurons was fixed at -65 mV. For all experiments, the simulation temperature was kept at 34
• C and ion channel kinetics were adjusted appropriately according to their experimentally determined Q 10 coefficients. Given the considerable computational complexity of the morphologically realistic model, a variable time step method was used for solving the differential equations associated with this model (except for Figs 6 and 7) to reduce the run-time of the simulations. For Figs 1-3 , the integration time step was 25 μs, and for Figs 6-7, the integration time step was 50 μs. Data analysis was performed using custom-built software under the Igor Pro (Wavemetrics Inc., Lake Oswego, OR, USA) programming environment.
Results
The prime objective of this study was to understand the mechanisms through which the VGICs on the plasma membrane can regulate Ca 2+ release through channels on the ER. To accomplish this objective, we chose the specific case of the interactions between the A-type K + channels on the plasma membrane and InsP 3 Rs on the ER. The reasons behind this choice are manifold. First, in hippocampal pyramidal dendrites, the A-type K + current has been demonstrated to reduce the amplitude of back propagating APs (bAPs; Fig. 1B ) and synaptic potentials, and hence the consequent influx of Ca 2+ (Fig. 1C ) through VGCCs and/or NMDARs Migliore et al. 1999; Frick et al. 2003 Frick et al. , 2004 Johnston et al. 2003; Kim et al. 2005; Chen et al. 2006) . This, in conjunction with the established bell-shaped dependence (Fig. 1E ) of the open probability of InsP 3 Rs on cytosolic Ca 2+ concentration (Bezprozvanny et al. 1991; De Young & Keizer, 1992) , translates to our hypothesis that the A-type K + channel should play a critical role in regulating Ca 2+ release through the InsP 3 Rs. Second, similar to the ER and the InsP 3 Rs, the A-type K + channel is also known to be expressed ubiquitously in the CA1 dendrites, thus allowing us a structural basis for exploring the interactions between these channels Losonczy & Magee, 2006; Hertle & Yeckel, 2007; Losonczy et al. 2008; Kerti et al. 2011) . Third, the dendritic densities of subunits of A-type K + channels and InsP 3 Rs in hippocampal pyramids have been quantified in detail through multiple experimental methods Nakamura et al. 1999; Frick et al. 2003; Losonczy & Magee, 2006; Hertle & Yeckel, 2007; Losonczy et al. 2008; Kerti et al. 2011; Ross, 2012) , thus enabling us to constrain our model in as many experimentally realistic ways as possible (see Methods). Finally, several physiological processes involving Ca 2+ waves and synaptic/intrinsic plasticity have been shown to recruit the A-type K + channels and InsP 3 Rs (Nakamura et al. 1999 (Nakamura et al. , 2000 Nishiyama et al. 2000; Chen et al. 2006; Dudman et al. 2007; Kim et al. 2007; Jung et al. 2008; Ross, 2012) , thus providing the motivation to understand the interaction between these channels in regulating several physiological processes. In what follows, we quantitatively evaluate our hypothesis on the interactions between the A-type K + channels and InsP 3 Rs through morphologically and biophysically realistic models, especially in the context of Ca 2+ waves and various forms of synaptic plasticity.
Pairing a train of bAPs with elevated [InsP 3 ] c led to intraneuronal Ca 2+ waves
The models employed in this study consisted of a large number of experimentally constrained individual components, which interact with the other model components to result in the observed phenomena. Given the complexity of these kinetic interactions in terms of neuronal space as well as time, and to understand the sensitivities of model outputs to several underlying parameters, we first employed a minimal morphology as the substrate for our simulations. The minimal morphology contained a soma, an apical trunk dendrite and an oblique dendrite that branches out of the apical trunk (Fig. 1A) . As our sensitivity analyses involved understanding the effects of dendritic branch points, SVR and VGIC densities in dendritic branches, we added the oblique branch, which formed the test ground for all our sensitivity analyses. We incorporated passive and active components into this bare model, and added Ca 2+ handling mechanisms (see Methods) to quantitatively evaluate our hypothesis on the interactions between plasma membrane channels and the ER receptors.
To do this, we simulated Ca 2+ waves in this three-cylinder model using an experimental protocol that involves the pairing of bAPs with bath application of mGluR agonists (Nakamura et al. 1999 (Nakamura et al. , 2000 . As Ca 2+ waves generated by this protocol are a synergistic consequence of the interaction between the InsP 3 generated by mGluR activation and the bAP-induced Ca 2+ influx through VGCCs, we reasoned that the bath application of mGluR agonists could be modelled as an elevation of baseline InsP 3 concentration in the cytosol ([InsP 3 ] c ). Consequently, we increased the baseline [InsP 3 ] c from 0.16 to 2 μM, and paired this elevation with a train of 10 APs, with a constant 30 ms interspike interval (ISI), initiated at the soma to mimic the established experimental protocol (Nakamura et al. 1999 (Nakamura et al. , 2000 . In response to the backpropagation of 
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+ current regulates ER Ca 2+ release 1659 these spikes, there was a characteristic rapid increase in [Ca 2+ ] c , which was primarily due to the opening of VGCCs, followed by a slower increase in [Ca 2+ ] c , which is attributed to the release of Ca 2+ from the ER stores, the propagation of which through the dendritic morphology constitutes the Ca 2+ wave ( Fig. 2A-C) . We noted that [Ca 2+ ] c amplitudes in our simulations were quantitatively similar to [Ca 2+ ] c amplitudes elicited during experimentally observed Ca 2+ waves, and that the relative wave amplitude and kinetics across compartments also matched qualitatively (Nakamura et al. 1999 (Nakamura et al. , 2000 . For instance, the somatic trace had the lowest amplitude and the longest latency to peak, which is similar to experimental observations. 
ER calcium release critically depended on dendritic diameter and wave initiation occurred at the branch point as a consequence of high SVR of oblique dendrites
Examining the [Ca 2+ ] c traces at different locations and the shape plot ( Fig. 2A-C) , we observed that the initial increase in [Ca 2+ ] c through VGCCs was rapid and large in the oblique dendrite, given the established dependence of [Ca 2+ ] c on SVR (Sabatini et al. 2002; Frick et al. 2003) . Given the bell-shaped dependence of the open probability of the InsP 3 R on [Ca 2+ ] c , this rapid and large increase in local [Ca 2+ ] c should be sufficient to inhibit the waves present locally (Fig. 1E ). This would imply that the amount of Ca 2+ released from stores should be minimal in dendrites with high SVR. To test this directly, we altered the diameter of the oblique dendrite, and assessed Ca 2+ flux through InsP 3 Rs for each value of the diameter. We found that the flux of Ca 2+ through InsP 3 Rs increased with increase in the oblique diameter (Fig. 2D) . Thus, the high SVR of the oblique dendrite and the consequent large initial increase in local [Ca 2+ ] c through VGCCs led to a reduction in the release of Ca 2+ from the ER. Where within the neuronal morphology did wave initiation occur? The earliest increase in the [Ca 2+ ] c was found to be in the oblique followed by its branch point with the apical trunk ( Fig. 2A and C) . It should also be noted that initiation of the Ca 2+ wave at the branch point of the primary oblique dendrite and at the proximal apical dendritic region, along the main trunk, has also been observed in in vitro brain slice experiments when a similar protocol was used to initiate a Ca 2+ wave in the CA1 pyramidal neurons (Nakamura et al. 2002) . What was the reason behind the initiation of the Ca 2+ wave at the oblique and its branch point with the apical trunk? What were the contributions of the various Ca 2+ handling mechanisms in determining the location of wave initiation? To answer these questions, we noted that the fast initial rise of [Ca 2+ ] c in the oblique dendrite could be attributed to the effect of high SVR on rise time of [Ca 2+ ] c (Sabatini et al. 2002; Cornelisse et al. 2007) , and hypothesized that high SVR of the oblique accompanied by the high InsP 3 R density in proximal dendritic regions (Hertle & Yeckel, 2007) would be critical parameters in determining the location of wave initiation. To directly investigate the effect of SVR on the location of wave initiation, we set the diameter of the oblique to be the same as the main trunk and initiated the Ca 2+ wave using the same protocol. We observed that the location of the earliest [Ca 2+ ] c increase now shifted to the branch point between the soma and the main trunk ( Fig. 2E and G) , because the dendritic compartments closest to the soma had the highest InsP 3 R density (eqn (7)).
Which of these two parameters, SVR and InsP 3 R density, was more critical in determining the location of wave initiation? To answer this question, we set the InsP 3 R density to be uniform across all the compartments of the model neuron, but with oblique diameter set at the default 0.8 μm, and initiated the Ca 2+ wave using the same protocol. We found that even with uniform density of InsP 3 Rs, the earliest and highest increase in [Ca 2+ ] c was in the oblique dendrite followed by the branch point on the trunk and then the soma (Fig. 2H) , which was in agreement with the decreasing order of SVR of these compartments. Furthermore, the amplitude of the wave was more uniform across the entire stretch of compartments of equal SVR, suggesting that InsP 3 R density plays a critical role in regulating the amplitude of the wave, but a secondary role in regulating its initiation point. Thus, in the presence as well as the absence of an InsP 3 R density gradient, SVR played the most critical role in determining the location of Ca 2+ wave initiation along the neuronal topograph. Further evidence towards these conclusions might be obtained from the case shown in Fig. 2E -G, where in spite of the InsP 3 R density set to be the highest at the soma (Hertle & Yeckel, 2007; eqn (7)), the somatic [Ca 2+ ] c transients were still slow and had lower amplitude, owing to the low SVR of the somatic compartment ( Fig. 2E-G) .
We finally asked if changing D Ca altered the initiation point of the calcium wave. We found that, in the oblique and the apical dendrite, varying D Ca (over the range 220 μm 2 s −1 to 2 mm 2 s −1 ) did not have a significant effect on the release of Ca 2+ through InsP 3 Rs (quantified through J InsP3R ). However, as the soma is a large compartment with low SVR, it acts as a sink for the Ca 2+ that diffuses out of the dendrites. When D Ca was increased, we noted higher diffusion of Ca 2+ into the soma from the dendrites, resulting in a larger [Ca 2+ ] c in the soma. Consequent to the dependence of the open probability of InsP 3 Rs on [Ca 2+ ] c , this led to a decrease in J InsP3R with increase in D Ca at the soma. However, this relationship held only at the soma owing to its lower SVR, and initiation of Ca 2+ waves occurred at the oblique and its branch point with the trunk where D Ca did not alter J InsP3R . Changing D Ca did not alter the initiation point of the calcium wave. This was consistent with earlier observations that diffusion cannot explain faster calcium dynamics in high SVR compartments (Cornelisse et al. 2007) . In summary, the high SVR of the oblique dendrite enabled rapid buildup of high initial [Ca 2+ ] c there, which was followed by its diffusion to the branch point where it further synergized the release of Ca 2+ from the stores, and enabled wave initiation at these locations.
We concluded that the calibre of the neuronal compartment played a very critical role in Ca 2+ wave initiation and propagation, regulating the amount of local ER Ca 2+ release and the location of initiation of the wave. From the analyses presented above, it was obvious that the store component in Ca 2+ signals during a wave was very minimal in dendrites with smaller calibre. This was primarily due to the high SVR of small-calibre dendrites that led to higher apparent concentrations of Ca 2+ influx through VGCCs (Sabatini et al. 2002) , which inhibit InsP 3 Rs given their bell-shaped dependence on cytosolic Ca 2+ (Fig. 1E) (Fig. 3A) . To quantify these effects, we first computed the area under the curve (AUC) for total [Ca 2+ ] c during a wave, and found it to be a monotonically reducing function of A-type K + conductance, g KA , in the oblique dendrite (Fig. 3B) . This is to be expected because an increase in g KA reduces Ca 2+ influx through VGCCs (Fig. 1D) .
Next, assessing the temporal aspects of wave propagation into the oblique, we found that increasing g KA increases both the latency to peak, and the full width at half-maximum (FWHM) of the wave (Fig. 3C-D) . Note that the increase in latency to peak with increased g KA is analogous to the established role of transient K + current in delaying the onset of spikes in multiple cell types (Kanold & Manis, 1999; Shibata et al. 2000; Kim et al. 2005) . This latency resulted from the concurrence of two phenomena: (i) the inability of low-amplitude bAP, owing to high g KA , to elicit the initial Ca 2+ influx through VGCCs ( Figs 1D and 3B) ; and (ii) the diffusion of Ca 2+ from adjacent compartments leading to local secondary release through InsP 3 Rs given their dependence on [Ca 2+ ] c (Fig. 1E) . Whereas the former suppresses initial Ca 2+ influx, the latter constitutes the delayed rise in [Ca 2+ ] c . Finally, and importantly, the flux of Ca 2+ through InsP 3 Rs displayed a bell-shaped dependence on g KA (Fig. 3E) . To elaborate, when g KA was very low (or absent), the increase in [Ca 2+ ] c in response to bAPs was high enough to act as an inhibitor for InsP 3 Rs (Fig. 1E) . As g KA increased, [Ca 2+ ] c through VGCCs decreased to a range that acted as a co-activator of InsP 3 Rs (Fig. 1E) through InsP 3 Rs decreased, leading to the bell-shaped dependence (Fig. 3E ). We performed these analyses for various densities of L-type Ca 2+ channels and found that the relationships held for all tested densities of L-type Ca 2+ channels ( Fig. 3B-E (21)) resulted in a decrease in the amplitude and an increase in the duration of the Ca 2+ waves (Fig. 3F-G) . These results were consistent with in vitro experimental observations (Nakamura et al. 2000) . We also found that Ca 2+ waves failed to initiate for very high-affinity mobile buffers (K mob = 0.4) (Fig. 3F) suggesting that only large-amplitude Ca 2+ waves (obtained with, say, a high endogenous InsP 3 R density) may be reliably detected in the presence of high-affinity Ca 2+ indicator dyes (such as Fura-2) during in vitro experiments. Finally, we computed the dependence of J Insp3R on g KA and found that the bell-shaped relationship also held true even in the presence of mobile buffers at various affinities of Ca 2+ binding (Fig. 3H) , some of which correspond to the specific affinities of the different Ca 2+ indicator dyes used to study Ca 2+ waves (Nakamura et al. 2000) . At very high affinities of Ca 2+ binding to the mobile buffer, we found that the release of Ca 2+ through InsP 3 R monotonically decreased with increase in g KA (Fig. 3H) . We noted this to be a direct consequence of the reduction of Ca 2+ influx through the plasma membrane when g KA was increased (Fig. 3B) , and the consequent reduction in Ca 2+ release through InsP 3 Rs (Fig. 1E) . The bell-shaped dependence was absent because of lower amplitudes of Ca 2+ transients in the presence of high-affinity Ca 2+ indicator dyes (Fig. 3F) . This highlights the need to employ lower affinity dyes during in vitro experiments, so that the measurement of Ca 2+ waves and their dependencies on underlying parameters are not marred by heavy buffering of Ca 2+ by indicator dyes (Nakamura et al. 2000) . wave propagation. Next, we investigated if these results held in a morphologically realistic model with gradients of underlying channel and receptor densities following experimental observations quantitatively. To this end, we incorporated different VGICs and InsP 3 Rs into this model according to their experimentally determined density gradients (see Methods). Although there are no direct experimental data for the density and properties of A-type K + channels in oblique dendrites of CA1 pyramidal neurons, we employed experimentally available physiological data to set g KA in oblique dendrites. Specifically, it has been experimentally demonstrated that the [Ca 2+ ] c increase at a branch point on the apical trunk and in the branching oblique is of similar magnitude when a single bAP invades these dendritic locations . Furthermore, recent electron microscopy data also reported a higher density for an A-type K + channel subunit Kv4.2 in the oblique dendrites as compared to the main apical dendritic trunk (Kerti et al. 2011) . To account for these, we fine tuned g KA along a proximal oblique (Fig. 4B ) such that the [Ca 2+ ] c increase in response to a single bAP invasion was similar for most locations along the oblique and had the same magnitude as [Ca 2+ ] c at the branch point on the main trunk (Fig. 4A-D) . Note that this requirement on normalized [Ca 2+ ] c along the oblique also made g KA in the oblique to be greater than the trunk g KA (= 12.05 mS cm −2 ) in order to nullify the effects of increased SVR in the oblique dendrite in comparison to the trunk Kerti et al. 2011) . We also observed that the amplitude of calcium influx in response to a single bAP at the branch point and at the mid point of the proximal oblique under consideration was in close agreement with the experimentally determined value of ∼150 nM for the proximal apical dendrites in CA1 pyramidal neurons (Helmchen et al. 1996) . Finally, when a double exponential function was used to fit the decay time course of [Ca 2+ ] c in response to a single bAP, the fast and slow decay time constants (τ f and τ s ) were 84 and 303 ms (soma), 14 and 314 ms (branch point on trunk), and 2 and 297 ms (oblique dendrite), respectively.
After accounting for experimental distributions of underlying channels and receptors in the morphologically realistic model and setting [InsP 3 ] c to baseline values, we first noted that a train of bAPs (10 APs with 30 ms ISI) and the consequent influx of Ca 2+ through VGCCs was insufficient to initiate a Ca 2+ wave ( Fig. 4E and H-I ). This is consistent with in vitro experimental observations using the same protocol (Nakamura et al. 1999 (Nakamura et al. , 2000 Ross, 2012) . Next, similar to our experiments with the simple morphological model, we elevated [InsP 3 ] c to 2.25 μM to mimic bath application of mGluR agonists and paired this with the same train of bAPs (10 APs with 30 ms ISI). Such pairing led to a successful initiation of a Ca 2+ wave (Fig. 4F-I) , with the peak [Ca 2+ ] c values in the proximal apical trunk was in the micromolar range, and was comparable to corresponding in vitro experiments. Furthermore, similar to our observations with the simple model (Fig. 2) and with in vitro experiments (Nakamura et al. 1999 (Nakamura et al. , 2000 , we found that the region corresponding to earliest and highest increase in [Ca 2+ ] c was a proximal oblique followed by proximal apical dendritic region on the main trunk ( Fig. 4F and I) . Finally, upon moving away from the soma and towards the distal apical end of the neuron, the waves gradually ceased to propagate (Fig. 4G-I) , which was attributable to high g KA in distal dendrites that reduces the bAP-induced Ca 2+ influx into the neuron, coupled with the reduced density of InsP 3 Rs in the distal dendrites that led to a further reduction in the amount of Ca 2+ released from the stores. Can the A-type K + current act as a mechanism that enables higher release of Ca 2+ through InsP 3 Rs in small-calibre dendritic compartments of this morphologically and biophysically realistic model? To answer this, we varied g KA and observed wave propagation across different compartments of the multi-compartmental model for each of these values of g KA (Fig. 5A-B) . Qualitatively, we found that the results obtained across all compartments were very similar to what we had observed with the simple morphological model (Fig. 3) . Quantitatively, the total Ca 2+ influx was a monotonically reducing function of g KA (Fig. 5C-D) , and Ca 2+ flux through InsP 3 Rs displayed a bell-shaped dependence on g KA (Fig. 5E-F) . Although the qualitative descriptions of monotonic reduction in total Ca 2+ and a bell-shaped dependence for flux through InsP 3 Rs were true across different compartments, it must be noted that the specific shape of such dependence was dependent on the specific compartment under consideration (Fig. 5C-F) . Finally, evaluating the temporal aspects of wave propagation, we again found that both the FWHM and the latency to peak of the wave at different locations increased as a function of g KA .
Taking the data together, across models, moderate values of g KA contributed to an increase in the ER component of [Ca 2+ ] c during calcium wave propagation across different compartments, whereas higher values of g KA decreased the ER component ( Figs 3D and 5E-F) . Furthermore, during wave propagation, the presence of A-type K + channels introduced a delay in the onset of the wave, and increased the time window over which the Ca The role of Ca 2+ released from the stores in various forms of neuronal plasticity is well established (Berridge et al. 2000; Huber et al. 2000; Nishiyama et al. 2000 Rose & Konnerth, 2001; Doi et al. 2005; Verkhratsky, 2005; Dudman et al. 2007; Ross, 2012) . In many forms of synaptic plasticity, release of Ca 2+ from the stores requires activation of perisynaptic mGluR, the subsequent mobilization of InsP 3 inside the cell followed by its binding to InsP 3 Rs on the ER membrane. From our results above, it was clear that the A-type K + current regulates the contribution of store Ca 2+ to wave propagation. We noted that several induction protocols employed for synaptic plasticity also elicit Ca 2+ wave-like patterns in hippocampal pyramidal neurons (Nakamura et al. 1999 (Nakamura et al. , 2002 Ross, 2012) , with the direction and amplitude of synaptic plasticity theorized to be a function of specific levels of the local Ca 2+ influx (Lisman, 1989 (Lisman, , 2001 Shouval et al. 2002) .
Against this background and motivated by our results above, we asked if A-type K + current could regulate the contribution of mGluRs to various forms of synaptic plasticity. To answer this and to understand the contribution of store Ca 2+ in homosynaptic plasticity we simulated a synapse with co-localized AMPAR, NMDAR and mGluR, induced plasticity with 900 presynaptic APs at various frequencies. Consistent with the kinetic model we employed for mGluRs (Methods), the activation of mGluRs resulted in a gradual increase in [InsP 3 ] c in the postsynaptic compartment, and reached a steady-state equilibrium (Fig. 6C) . As synaptic stimulus-induced Ca 2+ influx into the neuron was due to NMDARs, VGCCs as well as store release, the kinetics of Ca 2+ evolution was faster than the evolution of InsP 3 at the synaptic location, which was dependent on the slower mGluR signalling pathway (compare Fig. 6C and D) . Further, when both mGluR and NMDAR were present at the synapse, an increase in the steady state postsynaptic [Ca 2+ ] c was higher than when only NMDAR or only mGluR was present (Fig. 6D) . The inflections in the [Ca 2+ ] c traces when both NMDAR and mGluR were present (Fig. 6D) were attributable to the interactions between the initial fast influx of Ca 2+ through NMDARs, the mobilization of InsP 3 after mGluR activation, and the relatively slower release of Ca 2+ through InsP 3 Rs. This was analogous to the interactions between fast Ca 2+ influx through VGCCs and slow Ca 2+ release through InsP 3 Rs during the course of a Ca 2+ wave (Figs 2 and  4) . Moreover, the flux of Ca 2+ through InsP 3 Rs was also governed by the bell-shaped dependence of InsP 3 R open probability of [Ca 2+ ] c (Fig. 1E) . Specifically, we noted that this flux increased initially as an effect of the initial Ca 2+ influx through NMDARs accompanied by InsP 3 mobilization following mGluR activation. However, as [Ca 2+ ] c increased (Fig. 6D) , despite high levels of [InsP 3 ] c (Fig. 6E) , the flux of Ca 2+ through InsP 3 Rs reduced owing to the bell-shaped dependence discussed above (Fig. 1E) . Furthermore, as the [Ca 2+ ] c reached higher concentrations faster in the presence of both mGluRs and NMDARs rather than the sole presence of mGluRs, the inhibition of Ca 2+ flux through InsP 3 Rs had a delayed onset in the latter case compared to the former (Fig. 6E,  inset) . Finally, when only NMDARs were present, there was no mobilization of InsP 3 , and thus Ca 2+ flux through InsP 3 Rs was low (Fig. 6E) .
Increase in mGluR density led to a leftward shift in a Bienenstock-Cooper-Munro (BCM)-like synaptic plasticity profile
How does this mGluR-induced enhancement in the influx of postsynaptic Ca 2+ alter synaptic plasticity profile across several induction frequencies? To answer this, we observed the evolution of synaptic weight under cases where mGluRs and NMDARs were present together or separately. As expected from the calcium control hypothesis (Fig. 6B) , we found that, with 10 Hz/900 pulses stimulation, the presence of mGluRs with NMDARs led to synaptic potentiation, whereas the lone presence of NMDARs or mGluRs led to synaptic depression or no change in synaptic weight, respectively (Fig. 6F) . Furthermore, as a direct consequence of the initial inflections in [Ca 2+ ] c kinetics owing to interactions between mGluRs and NMDARs (Fig. 6D) , the weight evolution also displayed inflections before settling to its steady-state value for the case where both receptors were present (Fig. 6F) . Next, to assess the specific role of mGluRs in regulating the plasticity profile, we induced plasticity through 900 pulses of multiple induction frequencies, and plotted the percentage change in synaptic weight (at steady state) as a function of induction frequency (Dudek & Bear, 1992; Shouval et al. 2002; for various densities of mGluRs in the synaptic compartment (Fig. 6G) . Consistent with a greater increase in [Ca 2+ ] c in the presence of mGluRs, we found that the presence of mGluR decreased the modification threshold, resulting in a saturating leftward shift in the BCM curve in a density-dependent manner (Fig. 6G) . We noted that the saturation in the shift reflected the saturation of InsP 3 Rs by higher concentrations of [InsP 3 ] c (De Young & Keizer, 1992) . mGluR regulation of BCM-like plasticity profile depended on A-type K + current
From our results above, it was clear that the relative contribution of mGluRs to synaptic plasticity was reduced (Fig. 6E) if the initial influx of Ca 2+ through NMDARs was large enough to inhibit the InsP 3 Rs (Fig. 1E) . This was similar to the inhibitory role played by the influx of Ca 2+ through VGCCs during wave propagation (Figs 3 and 5) . Moreover, the A-type K + current has been demonstrated to modulate Ca 2+ entry through NMDARs consequent to their ability to modulate synaptic potentials and the J Physiol 591.7
voltage dependence of NMDARs, apart from regulating various forms of synaptic plasticity Watanabe et al. 2002; Johnston et al. 2003; Chen et al. 2006; Jung et al. 2008; Zhao et al. 2011) . Combining these two observations, we asked if A-type K + current could regulate Ca 2+ release through InsP 3 Rs, thereby modulating the relative contributions of mGluRs, and thus of the stores, to this form of synaptic plasticity.
To answer this question, we constructed the BCM-like curve with saturating levels of mGluR density at various A-type K + conductances and investigated how changes in g KA affected the plasticity profile. Under this experimental setup, an increase in g KA increased the modification threshold, shifting the curve to the right (Fig. 7A) . However, when we repeated this experiment in the absence of mGluRs, the changes in modification threshold were much smaller (Fig. 7B ). When we quantified the percentage difference in modification threshold between the cases where mGluRs were present (Fig. 7A ) and were absent (Fig. 7B) , we found that the presence of mGluRs increased the dynamic range of changes in modification threshold obtained with changes in g KA , across various values of NAR (Fig. 7A-C) . Finally, to further quantify this regulation of mGluR contribution to [Ca 2+ ] c by g KA , we plotted the AUC of J InsP3R as a function of g KA at various induction frequencies with the saturating density of mGluR (= 1.2 × 10 −3 a.u.) at the stimulated synapse (Fig. 7D) . The release of Ca 2+ through InsP 3 R increased with the increase in A-type K + conductance. We also noted that the release of store Ca 2+ decreased with the increase in the induction frequency, which was consistent with NMDAR-dependent inhibition of InsP 3 R. To elaborate, a higher frequency of stimulation allowed for higher temporal summation of the [Ca 2+ ] c that entered through the NMDAR. This high level of [Ca 2+ ] c reduced the open probability of InsP 3 R, consistent with the bell-shaped dependence of these receptors on the [Ca 2+ ] c as discussed earlier (Fig. 1E ). Taken together, our results suggest that the A-type K + current can regulate the contribution of mGluRs and the ER stores to synaptic plasticity by controlling Ca 2+ influx through NMDARs.
Increase in A-type K
+ channel density increased the contribution of store Ca 2+ during synaptic plasticity induced through TBS
We next examined if such dependence of store Ca 2+ release on A-type K + current was specific to only the induction protocol that we have employed. To do this, we employed TBS (Fig. 8A) , another established plasticity-inducing protocol, and tested whether high densities of A-type K + channels found in small-calibre dendrites could play a role in regulating store Ca 2+ release during plasticity protocols. When subjected to TBS, the temporal evolution of [InsP 3 ] c , [Ca 2+ ] c and J InsP 3 R (Fig. 8B-D) followed patterns that were analogous to the previous protocol ( Fig. 6C-E) . Specifically, the flux of Ca 2+ through InsP 3 Rs was inhibited by high initial Ca 2+ influx through NMDARs, thus reducing the contribution of mGluRs to the total [Ca 2+ ] c , when NMDARs were coexpressed in the synapse (Fig. 8D) . Consistent with the Ca 2+ control hypothesis that was employed in inducing plasticity (Fig. 6B) , the steady-state synaptic weight was higher when both mGluRs and NMDARs were present as the source of cytosolic Ca 2+ at the synapse (Fig. 8E) . Specifically, the presence of mGluRs with NMDARs led to synaptic potentiation, whereas the lone presence of NMDARs or mGluRs led to synaptic depression or no change in synaptic weight, respectively (Fig. 8E) . Furthermore, an increase in mGluR density, as a direct consequence of enhancing [Ca 2+ ] c and the calcium control hypothesis (Fig. 6B ), led to synaptic depression with TBS, which later transformed into increasing potentiation with increased mGluR density (Fig. 8F) .
Next, to understand how changes in A-type K + density affected release of store Ca 2+ through InsP 3 R, we induced TBS at various values of g KA and plotted steady-state change in synaptic weight, w. To quantify the specific roles of store Ca 2+ , which is specifically governed by mGluRs, we performed these experiments under conditions where mGluRs were present or absent (Fig. 8G) . Under either condition, we found that an increase in g KA led to a decrease in the synaptic weight, as would be expected from the consequent reduction in the influx of Ca 2+ through NMDAR. However, when mGluRs were present at the synapse, the higher levels of [Ca 2+ ] c induced by the presence of mGluRs played a critical role in determining the direction and strength of plasticity (Fig. 8G) . We quantified this mGluR-induced percentage change in plasticity across different values of NAR, to assess the relative contributions of NMDAR vs. mGluR to TBS-induced plasticity (Fig. 8H ). Whereas at lower values of NAR (0.5), the [Ca 2+ ] c increase in response to TBS was too low to cause any change in the synaptic weight, at very high values (2.5), synaptic weight always potentiated to saturating levels, thus leaving the mGluR-induced percentage changes insignificant. However, at moderate values of NAR (1.5), the regulation of Ca 2+ through InsP 3 Rs by g KA implied a critical role for mGluRs in regulating the direction and strength of synaptic plasticity (Fig. 8H ). This may also be observed from the quantification of the amount of flux of Ca 2+ through InsP 3 Rs, shown for the three values of NAR considered here (Fig. 8I) mGluR-containing synapse (Fig. 8D) . Increase in A-type K + conductance decreased the inhibitory Ca 2+ through NMDAR and hence increased the flux of Ca 2+ through InsP 3 Rs (J InsP3R ). Together, these results suggest that A-type K + current plays a critical role in regulating release of Ca 2+ through InsP 3 Rs, and thus the contribution of mGluRs to various plasticity-inducing protocols.
Discussion
In this study, we quantitatively demonstrated that ER Ca 2+ release through InsP 3 Rs exhibited a bell-shaped dependence on A-type K + channels expressed on the plasma membrane. Assessing the physiological consequences of this dependence, we presented novel roles for A-type K + current in regulating the spatiotemporal spread of Ca 2+ wave propagation and in modulating the relative contribution of mGluRs in induction of synaptic plasticity. This interaction between a restorative conductance expressed on the plasma membrane and a Ca 2+ channel resident on the ER membrane is effected by the ability of A-type K + current to modulate local Ca 2+ influx through voltage-dependent channels on the plasma membrane ( Fig. 1C-D) , and the modulation of InsP 3 R function by cytosolic Ca 2+ (Fig. 1E) . In what follows, we present some implications of our study to biophysical and biochemical signal integration and spread within active dendrites, also providing some experimentally testable predictions that follow from our findings.
Active propagation of calcium signals and signalling microdomains
In the reaction-diffusion system that governs Ca 2+ signal propagation, regenerative Ca 2+ -dependent channels on the ER membrane mediate lossless Ca 2+ signal propagation. The ER membrane and the plasma membrane run in parallel through the entire neuronal morphology, and are known to interact with each other in several ways. Such interactions include depletion-induced signalling involving the STIM and Orai proteins and VGCCs (Prakriya et al. 2006; Vig et al. 2006; Park et al. 2010; Wang et al. 2010; Lewis, 2011) , the interactions between VGCCs, NMDARs, mGluRs and InsP 3 Rs during calcium waves and calcium-dependent inhibition of VGCCs (Nakamura et al. 1999; Budde et al. 2002; El-Hassar et al. 2011; Manita et al. 2011; Kato et al. 2012; Ross, 2012) , the actions of mGluRs and the ER on Ca 2+ -dependent K + channels including structural links (Abdul-Ghani et al. 1996; Augustine et al. 2003; Weaver et al. 2007; Adelman et al. 2012) , and the plasticity of plasma membrane VGICs and receptors induced by ER Ca 2+ (Anwyl, 1999; Huber et al. 2000; Nishiyama et al. 2000; Hansel et al. 2001; Ito, 2002; Sourdet et al. 2003; Brager & Johnston, 2007) . Such tight interactions between these two membranes have highlighted several roles of the ER in the integration of intraneuronal information, in regulating signalling microdomains and in regulating the downstream signalling pathways that are regulated by these Ca 2+ signals (Berridge, 2002 (Berridge, , 2006 Augustine et al. 2003; Kennedy et al. 2005; Verkhratsky, 2005; Park et al. 2008; Kotaleski & Blackwell, 2010) .
Our results establish a novel form of interaction between the two membranes, and demonstrate a bell-shaped dependence of calcium release through InsP 3 R on the density of A-type potassium channels, during the propagation of an intraneuronal calcium wave initiated through established protocols. We propose this dependence as a mechanism for enhancing calcium release from the ER residing in thin-calibre dendrites. Specifically, given the high SVR of thin-calibre dendrites, the initial influx of calcium through plasma membrane channels is too high, thus inhibiting the ER receptors and rendering the ER calcium store irrelevant. If these thin-calibre dendrites were to express a high density of A-type potassium channels, the initial influx of calcium would be reduced, thus allowing for the release of calcium through the ER receptors. Thus, if active propagation of calcium signals were to be sustained through regenerative ER calcium release, it is necessary to suppress the initial calcium influx through plasma membrane channels. We note that A-type potassium channels do express heavily in thin-calibre dendrites of hippocampal pyramidal neurons Frick et al. 2003; Kerti et al. 2011) , and propose the regulation of ER calcium release as a novel physiological role for these dendritic channels.
Furthermore, our results also uncover a powerful and localized mechanism through which a neuron could steer the spread of signalling microdomains by altering local dendritic excitability. Specifically, we demonstrated that the A-type K + current could regulate the release of ER Ca 2+ by altering local dendritic excitability. This, coupled with spatially restricted plasticity that A-type K + channels have been demonstrated to undergo (Frick et al. 2004; Losonczy et al. 2008) , equips the cell with a powerful regulatory mechanism to steer signalling spread towards specific subregions within a neuron. For instance, branch-specific plasticity in A-type K + channels, apart from altering dendritic spike initiation at the branches that undergo plasticity (Losonczy et al. 2008) , could also regulate the invasion of Ca 2+ waves into these branches and alter the spread of microdomains consequent to the activation of synaptic receptors on the dendritic membrane. Finally, various neuromodulatory and pathophysiological processes have also been experimentally demonstrated to induce changes in the density and/or biophysical properties of A-type K + channels, thus suggesting a role for this regulatory mechanism in different behavioural paradigms and neurological disorders (Hasselmo, 1995; Hoffman & Johnston, J Physiol 591.7 1999; Sabatini et al. 2002; Bernard et al. 2004; Verkhratsky, 2005; Choe & Ehrlich, 2006; Shah et al. 2010) . Given the universality of Ca 2+ signals and their microdomains, our results have implications for various aspects of neuronal physiology and pathophysiology (Berridge et al. 2000; Augustine et al. 2003; Verkhratsky, 2005; Berridge, 2006; Rizzuto & Pozzan, 2006) .
mGluRs, synaptic plasticity and active dendrites
The contribution of mGluRs to various forms of neuronal plasticity is well established (Anwyl, 1999; Huber et al. 2000; Nishiyama et al. 2000; Hansel et al. 2001; Ito, 2002; Sourdet et al. 2003; Brager & Johnston, 2007) . However, theoretical biophysical models designed to understand hippocampal synaptic plasticity have largely ignored their contribution to various forms of plasticity. In this study, we incorporated a detailed kinetic model for mGluRs, and performed detailed analyses of their metaplastic effects on different forms of synaptic plasticity. From our results, we predict that the higher accumulation and delayed saturation of Ca 2+ in the postsynaptic compartment consequent to the activation of perisynaptic mGluR shifts both the long-term potentiation (LTP) and long-term depression (LTD) induction threshold in the BCM-like plasticity profile (Fig. 6 ). This is in contrast to the metaplastic effects of the A-type K + current, which shifted the LTP threshold but not the LTD threshold (Fig. 7) . This is consistent with the voltage-dependent activation profile of the A-type K + channels, and with previous findings that mGluR activation by low-frequency synaptic stimulation predominantly contributed to LTD of the synapse Huber et al. 2000) . From these results, we propose that plasticity in mGluR could be a major determinant for the bidirectional shift in the LTD threshold.
Furthermore, we performed simulations to understand the mechanistic details of how A-type K + channels alter Ca 2+ entry through InsP 3 Rs and NMDARs, thereby affecting the relative contribution of mGluRs to two different forms of synaptic plasticity (Figs 6-8) . Our results conform to experimental findings (Nishiyama et al. 2000) that Ca 2+ influx through NMDARs at the stimulated synapse acts as inhibitor for the release of Ca 2+ from the stores through InsP 3 R (Figs 6E and 8D) . Our results suggest that such suppression is substantially pronounced in thin-calibre dendrites, where high SVR amplifies the initial Ca 2+ influx through NMDARs. In this context, based on our results with synaptic plasticity protocols (Figs 6-8 ), we present an experimentally testable prediction that the A-type K + channels are ideally suited for suppressing this inhibition, given their ability to modulate synaptic potentials and their abundant expression in thin-calibre dendrites of hippocampal pyramidal cells Frick et al. 2003; Kerti et al. 2011 ).
An implication for our postulate is that the A-type K + channels would regulate the spatiotemporal spread of Ca 2+ by altering the relative contributions of mGluRs to different forms of synaptic plasticity (Figs 7-8) , thus regulating time windows in heterosynaptic plasticity protocols. Specifically, InsP 3 R-dependent regenerative release of Ca 2+ from the stores has been shown to be a critical determinant of various forms of timing-dependent heterosynaptic plasticity (Ito, 2002; Doi et al. 2005; Dudman et al. 2007) . For instance, during the input timing-dependent plasticity (ITDP) protocol in CA1 pyramidal neurons, InsP 3 R-dependent potentiation is induced in Schaffer collateral (SC) synapses if their stimulation is paired with the stimulation of temporoammonic (TA) synapses occurring 20 ms earlier (Dudman et al. 2007 ). This temporal window has been suggested to be critical for the influx of Ca 2+ at the TA synapses to supralinearly sum with the subsequent influx of Ca 2+ at the SC synapses by recruiting CICR through InsP 3 Rs, thereby inducing potentiation at SC synapses. Based on our results that the A-type K + current could alter the latency to regenerative release of Ca 2+ , and the temporal window over which these events occur (Figs 3 and 5), we predict that dendritic A-type K + channels would play a critical role in regulating the temporal window for several forms of heterosynaptic plasticity, including ITDP, by altering Ca 2+ release through InsP 3 Rs. This prediction could be experimentally tested by inducing ITDP in the presence of pharmacological blockers targeting the InsP 3 Rs, with various concentrations of agonists/antagonists of A-type K + channels. In summary, we have quantitatively established interactions between dendritic A-type K + channels and ER InsP 3 Rs, demonstrating specific roles for such interactions in Ca 2+ wave propagation and in the induction of synaptic plasticity. Generalizing these results to other dendritic VGICs that can regulate excitability, we suggest that our results establish novel roles for active dendrites and their plasticity, and endow neurons with a powerful and localized mechanism to steer the spatiotemporal spread of signalling microdomains. As our models and simulation protocols were heavily constrained by experimental data, several of our specific predictions on the interactions between dendritic ion channels and ER receptors could be tested experimentally, apart from assessing the role of different dendritic channels in regulating spatiotemporal aspects of the Ca 2+ microdomains. Finally, although our focus was restricted to hippocampal neurons, A-type K + channels, mGluRs and ER InsP 3 Rs driven by the abundance of associated experimental data, future studies could focus on theoretically and experimentally extending our analyses to interactions between other dendritic ion channels, alternative receptors that can mobilize InsP 3 (e.g. muscarinic acetylcholine receptors) and ER receptors in neurons from different brain regions.
